Introduction
============

Pancreatic cancer (PC) is one of the most lethal malignant neoplasms and a major cause of cancer-related death in developed countries ([@b1-mco-0-0-1885]--[@b3-mco-0-0-1885]). Surgical resection has contributed to favorable prognosis, and progress in surgical techniques and perioperative care have reduced the rates of mortality and severe complications ([@b4-mco-0-0-1885]--[@b6-mco-0-0-1885]). However, the long-term survival rate has plateaued over the last three decades ([@b7-mco-0-0-1885]). Most patients present with advanced stage at initial diagnosis ([@b8-mco-0-0-1885]), and effective drugs are still under development because of the complexity of PC at the genomic, epigenetic, and metabolic levels ([@b9-mco-0-0-1885]--[@b11-mco-0-0-1885]). Particularly, patients with advanced stage pancreatic head cancer (PHC) can often only undergo non-curative operation, as the tumor cells tend to invade adjacent main vessels. However, chemotherapy and/or radiation therapy prior to operation, known as neoadjuvant chemoradiotherapy (NAC-RT), has been recently introduced as a treatment strategy, and has achieved several successful outcomes ([@b7-mco-0-0-1885],[@b9-mco-0-0-1885],[@b12-mco-0-0-1885]--[@b14-mco-0-0-1885]).

Borderline resectable PHC (BR-PHC) is defined as a tumor of low resectability because it is accompanied by vascular invasion, especially portal venous and arterial involvement ([@b15-mco-0-0-1885]--[@b17-mco-0-0-1885]). The possibility of complete resection of BR-PHC depends on the efficacy of preoperative NAC-RT, i.e., stable disease or complete or partial response ([@b9-mco-0-0-1885]). Jang *et al* ([@b14-mco-0-0-1885]). reported that the 2-year prognosis of patients who received neoadjuvant treatment was significantly better than the prognosis of those receiving upfront surgery. There are several reasons for this, including early systemic treatment for undetected micrometastases, no residual tumor (R0) rate increment, and optimal selection of patients for surgery ([@b14-mco-0-0-1885]). Above all, R0 resection is closely linked to the regression of local vascular invasion, more specifically, invasion to the portal and superior mesenteric veins.

Japanese pathologists routinely make meticulous diagnoses using the Japanese Classification of Pancreatic Cancer ([@b18-mco-0-0-1885]), which requires individual evaluation of invasion of the bile duct, duodenum, anterior or posterior pancreatic tissue, portal venous system, arterial system, extrapancreatic nerve plexus and surgical margin. In contrast, these parameters are combined in the World Health Organization (WHO) classification, thus the diagnosis of T3 tumors remains only a rough estimate. Since PHC deserves careful attention, our approach of separate evaluation seems to be indispensable to specify important factors for the prognosis of PC.

This study compared the clinicopathological features of BR-PHC with NAC-RT and resectable PHC and tried to clarify the critical factors influencing the prognosis of PHC.

Materials and methods
=====================

### Patient selection

This study was a retrospective cohort study using clinicopathological data from the Kurume University Hospital between 2009 and 2016. It was approved by the ethical committee of Kurume University (approved \# 17226). Twenty-nine patients with BR-PHC who received NAC-RT were reevaluated. Patients with unresectable PC (UR-PC) were excluded from the study. All patients received a combination of chemotherapy with gemcitabine (600 mg/m^2^/week) S-1 (50 mg/m^2^/day) and radiotherapy (50.4 Gy). Approximately one month after conclusion of this neoadjuvant therapy, pancreaticoduodenectomy (PD) was performed under the conditions of no disease progression, metastasis, or contraindications to major abdominal surgery. Pre-treatment cytology under EUS-FNA or ERCP ([@b19-mco-0-0-1885]) and imaging findings were reviewed in all PHC patients with NAC-RT. Clinical follow-up data were available for overall survival (OS). A control group consisted of resectable 55 PHC patients who underwent PD during the same period.

Resected specimens (pancreas and surrounding tissue) were fixed with 10% buffered formalin; they were then totally sectioned (18 to 42 slides) and embedded in paraffin for microscopic examination. All slides were consecutively cut to 4-mm thickness, stained with hematoxylin and eosin, and evaluated by two pathologists (Y.N., M.T, M.N.). Histological diagnosis was performed based on the 2010 WHO classification, and, according to the Japanese Classification of Pancreatic Cancer ([@b18-mco-0-0-1885]); invasion to the bile duct, duodenum, serosal side of the anterior pancreatic tissue, retropancreatic tissue, portal venous system, arterial system, extrapancreatic nerve plexus and surgical margin were assessed separately. The extent of residual carcinoma in specimens of BR-PHC after NAC-RT was also evaluated; histological response was classified based on the residual rate of viable cancer cells in post-treatment surgical specimens ([Table I](#tI-mco-0-0-1885){ref-type="table"}) ([@b18-mco-0-0-1885]). In this study, arterial system invasion was not observed, but cases with portal venous system invasion were defined as local invasion. After HE staining, regions in which viable tumor cells remained were selected and measured as the tumor diameter. For R assessment, cases without exposed tumor cells on the surgically dissected surface were categorized as R0, and cases with exposed tumor cells were categorized as R1. D2-40 immunohistochemical staining (clone D2-40, Nichirei, Japan) for lymphovascular invasion (LVI) and Elastica van Gieson or Victoria blue H&E staining for microvessel invasion (MVI) were prepared for accurate evaluation. Tumor cell invasion into lymph ducts comprised of D2-40 positive endothelial cells was categorized as LVI. Tumor cell invasion findings in veins with elastic fiber measuring more than half the diameter on EVG or Victoria blue H&E staining were categorized as MVI.

### Statistical analysis

Continuous variables were expressed as medians and ranges and categorical variables as numbers and percentages. Clinicopathological variables were compared using Wilcoxon rank sum, Chi-square, or Fisher exact tests. The survival function for OS was estimated using the Kaplan-Meier method. The log-rank test was used to compare differences in survival rates according to clinicopathological variables. All statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC) and R version 3.4.4. All statistical tests were two-tailed, and *P-values \<0.05* was considered statistically significant.

Results
=======

### Histological assessment of the preoperative therapeutic effect of NAC-RT on BR-PHC

Representative morphopathological features of BR-PHC after NAC-RT are shown in [Fig. 1](#f1-mco-0-0-1885){ref-type="fig"}. The post-therapeutic response of tumor cells was represented by clear cytoplasm, pyknosis, loss of nuclei, and indistinct cell borders. In some cases, mucin pools or xanthogranuloma-like features with coarse fibrosis were observed as the host tissue response. Interestingly, intraductal components corresponding to high grade pancreatic intraepithelial neoplasia (PanIN) remained in the pancreatic ducts ([Fig. 2](#f2-mco-0-0-1885){ref-type="fig"}). Clinicopathological data of the BR-PHC with NAC-RT and control groups are shown in [Table II](#tII-mco-0-0-1885){ref-type="table"}. The NAC-RT group consisted of 16 men and 13 females and the median age was 66.0 (range 50--78) years. The median tumor size was 20 (range 0--43) mm. Upon comparison of the post therapy tumor stages (ypT0/T1/T2 vs. ypT3), ypT3 was predominant (9 and 23, respectively). For the one patient with pCR (ypT0) ([Fig. 3](#f3-mco-0-0-1885){ref-type="fig"}), ([@b20-mco-0-0-1885]) the pretreatment computerized tomography showed a mass lesion in the pancreas head, and the pretreatment cytology diagnosis was adenocarcinoma. Six patients (21.0%) with lymph node metastasis were classified with ypStage IIB disease. According to the WHO classification standards, 27 of the 29 (93.1%) cases with viable tumors were well to moderately differentiated and 1 (3.4%) was poorly differentiated. In one case, there was no viable cancer cells in any of the specimens (pCR) ([@b20-mco-0-0-1885]). R0 resection was achieved in 25 (86%) patients. Pathological evaluation of local invasion among the BR-PHC with NAC-RT and the control groups is shown in [Table III](#tIII-mco-0-0-1885){ref-type="table"}. Based on the Japanese Classification of Pancreatic Cancer protocol, the histological response to NAC-RT was classified as Grade 1a, Grade 1b, Grade 2, Grade 3, or Grade 4. Grade 1b (55.0%) was the most common, and only one case (4.0%) was Grade 4 (this case achieved pCR) ([Table IV](#tIV-mco-0-0-1885){ref-type="table"}). The Grade 4 case had no recurrence for 4 years.

### Correlation of survival with histologic parameters of local invasion of the residual tumor

Comparison of PHC between the NAC-RT and control groups is shown in [Table II](#tII-mco-0-0-1885){ref-type="table"}. The median tumor size was significantly smaller in the NAC-RT group (*P*=*0.006*). Lymph node metastases were significantly less common in the NAC-RT group than in the control group (*P*\<*0.001*). Moreover, the NAC-RT group had significantly lower rates of LVI (51.7%) and MVI (62.1%) than the control group (MVI: *P=0.015*, LVI: *P=0.02*; [Fig. 4](#f4-mco-0-0-1885){ref-type="fig"}). OS was similar between the BR-PHC with NAC-RT and control groups (*P=0.831;* [Fig. 5A](#f5-mco-0-0-1885){ref-type="fig"}). Additionally, there were no significant differences in OS between the two groups based on grade ([Fig. 5B](#f5-mco-0-0-1885){ref-type="fig"}, *P*=*0.470*) or stage ([Fig. 5C](#f5-mco-0-0-1885){ref-type="fig"}, *P*=*0.167*). However, patients in the NAC-RT group with portal vein invasion (PVI) ([Fig. 6](#f6-mco-0-0-1885){ref-type="fig"}), MVI, and surgical margin factors had significantly shorter OS than the corresponding patients in the control group (*P*=0.002, *P*=0.011, *P*=0.043, respectively; [Fig. 7](#f7-mco-0-0-1885){ref-type="fig"}). Conversely, the BR-PHC with NAC-RT patients without PVI had a significantly better prognosis than patients in the control group with PVI (*P*=*0.002*).

Discussion
==========

We expected that BR-PHC patients who underwent NAC-RT would have shorter OS than resectable PHC patients, but we found no differences in survival between the two groups. There are several potential reasons for this, including early systemic treatment for undetected micrometastases via LVI and MVI, increases in the R0 resection rate as a result of downsizing the primary tumor and inhibiting local invasion, and optimal selection of patients for surgery. In particular, patients in the NAC-RT group without PVI had significantly better prognosis than patients in the control group with PVI in this study. In this comparison, patients with resectable pancreatic cancer with PVI, in other words histologic BR-PHC, had better prognosis than PHC patients with resected PVI with NAC-RT. Despite the small case-number limitation, PVI resection with NAC-RT was considered to have important implications. Although there were a limited number of pCR cases, we observed that the majority of cases had some response to NAC-RT, which inhibited local invasion and good OS.

In general, PHC patients are diagnosed with locally advanced cancer or metastasis, and many cases are diagnosed as UR-PC at admission. Anatomical relations between the pancreatic head and surrounding tissue, such as the bile duct, major vessels, and duodenum, contribute to the high frequency of extrapancreatic invasion. Among such advanced PHC cases, our data showed that PVI and surgical margins had an impact on survival outcomes. Previous reports have demonstrated that adopting neoadjuvant treatment potentially increases R0 resection rates ([@b21-mco-0-0-1885],[@b22-mco-0-0-1885]). There are competing ideas as to the effect of PVI on survival. One stresses the importance of portal vein resection for PHC with PVI. The other concludes that portal vein resection has no impact on survival duration, and survival in patients who under portal vein resection does not differ from those who undergo standard PD ([@b23-mco-0-0-1885]).

The prognoses of BR-PHC patients who underwent NAC-RT were unfavorable by preoperative assessment, but improved to be comparable to that of resectable PHC patients, provided that PVIs were dissolved. Most PHCs show a high incidence of peritoneal dissemination or widespread metastasis, such as to the liver and lung ([@b24-mco-0-0-1885]). These conditions are strongly linked to hematogenous and lymphatic micrometastasis, which are regarded as prognostic factors in PC ([@b25-mco-0-0-1885],[@b26-mco-0-0-1885]). In this study, the NAC-RT group had significantly lower rates of lymph node metastasis, LVI, and MVI than the control group. Moreover, PVI turned out to be a crucial factor affecting OS. We predict that NAC-RT behaves as a protective measure in advanced PC to stem further progression of the disease. However, the fact that the OS of the NAC-RT group did not exceed that of the control group indicates that other factors, not only control or inhibition of LVI and MVI, should be taken into consideration to improve prognosis.

In the present study, NAC-RT was expected to provide good local control and to decrease MVI and LVI in the BR-PHC microenvironment. However, remnants of high grade PanIN within the pancreatic ducts were frequently observed. This may indicate that, compared to invasive carcinoma, PanINs may be resistant to NAC-RT, or NAC-RT has only a limited effect. High grade PanINs often coexist with PC and cause high intraductal spread and shortens the survival of PC patients ([@b27-mco-0-0-1885],[@b28-mco-0-0-1885]). Careful follow-up will be needed in order to detect local recurrence or metastasis to other organs associated with high grade PanINs at an early point.

Histological features of residual carcinoma in post-therapy resection specimens has been shown to correlate with the prognosis of patients with PC and several gastrointestinal cancers ([@b29-mco-0-0-1885]--[@b32-mco-0-0-1885]). In this study, the post-therapeutic response of tumor cells was represented by clear cytoplasm, pyknosis, loss of nuclei, and indistinct cell borders. Additionally, mucin pools or xanthogranuloma-like features with coarse fibrosis were observed as the host tissue response. However, the histology of the preoperative therapeutic effect of BR-PHC was non-significantly correlated with OS in patients who received NAC-RT in this study. Moreover, as seen in [Fig. 5B](#f5-mco-0-0-1885){ref-type="fig"}, survival curves (Grades 1a and 1b vs. Grades 2, 3, and 4) did not diverge until 8 years after surgery, regardless of control or inhibition of PVI, LVI, and MVI. Several studies have reported that chemotherapy such as FOLFIRINOX and gemcitabine combined with protein-bound paclitaxel (nab-paclitaxel) regimens are widely used due to the relatively high response rate ([@b33-mco-0-0-1885]--[@b36-mco-0-0-1885]). In our study, all patients received a combination of chemotherapy with gemcitabine or S-1. Therefore, future studies may need to identify more effective systemic treatments that control local disease and reduce systemic metastasis after treatment.

In summary, NAC-RT could improve the prognosis of BR-PHC patients, such that they have a prognosis similar to that of patients with resectable PHC, if it successfully controls or reduces local progression such as lymph node metastasis, LVI, and MVI. Furthermore, the dissolution of PVI and, although it was rare, complete response by NAC-RT led BR-PHC patients to have a better prognosis than resectable PHC patients.
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![Histological findings of resected BR-PHC tissue after NAC-RT. (A) Degenerated cells (star) with clear cytoplasm, pyknosis, loss of nuclei, and indistinct cell borders (magnification, ×100). (B) Cancer cells with mucin pools replaced by fibrosis (star) (magnification, ×40). (C) Xanthogranuloma-like feature and coarse fibrosis (star) (magnification, ×100). (D) Viable cancer cells without therapeutic response (star) (magnification, ×400). BR-PHC, Borderline resectable pancreatic head cancer; NAC-RT, neoadjuvant chemoradiotherapy.](mco-11-03-0225-g00){#f1-mco-0-0-1885}

![High grade PanIN in resected BR-PHC tissue after NAC-RT. (A) High grade PanIN within a large or medium pancreatic duct (star: Invasion areas, arrow: High grade PanIN) (magnification, ×20). (B) Columnar epithelium showed low papillary growth and a budding structure (magnification, ×200). PanIN, pancreatic intraepithelial neoplasia; BR-PHC, Borderline resectable pancreatic head cancer; NAC-RT, neoadjuvant chemoradiotherapy.](mco-11-03-0225-g01){#f2-mco-0-0-1885}

![Grade 4 effect of NAC-RT on BR-PHC. (A) Macroscopic findings of the resected pancreatic head cancer showed white and brown colored lesion (arrow). (B and C) Histopathological examination revealed that the tumor cell have disappeared and carcinoma cells had been replaced by fibrosis and remarkable hemorrhage in the pancreatic parenchyma. (magnification, ×40; ×100). BR-PHC, Borderline resectable pancreatic head cancer; NAC-RT, neoadjuvant chemoradiotherapy.](mco-11-03-0225-g02){#f3-mco-0-0-1885}

![LVI and MVI in resected BR-PHC tissues after NAC-RT. (A) Tumor cell invasion into lymph ducts comprised of D2-40 positive endothelial cells was categorized as LVI (arrows). (B) Tumor cell invasion findings in veins with elastic fiber measuring more than half the diameter on Victoria blue H&E staining were categorized as MVI. (A, D2-40 magnification, ×100; B, Victoria blue H&E magnification, ×40). BR-PHC, Borderline resectable pancreatic head cancer; LVI, lymphovascular invasion; MVI, microvessel invasion.](mco-11-03-0225-g03){#f4-mco-0-0-1885}

![(A) Overall survival by NAC-RT, (B) NAC-RT effect, and (C) Stage after NAC-RT. (A) P=0.831, (B) P=0.470, (C) P=0.167 (log rank test).](mco-11-03-0225-g04){#f5-mco-0-0-1885}

![Portal vein invasion in resected BR-PHC tissues after NAC-RT. Post-treatment scar with xanthogranuloma-like features and coarse fibrosis (star); there were no cancer cells in the portal vein system (PV). (magnification, ×200) BR-PHC, Borderline resectable pancreatic head cancer; NAC-RT, neoadjuvant chemoradiotherapy.](mco-11-03-0225-g05){#f6-mco-0-0-1885}

![Overall survival by portal vein invasion (A) microvessel invasion, (B) and surgical margin (C). (A) P=0.002, (B) P=0.011, (C) P=0.043 (log rank test).](mco-11-03-0225-g06){#f7-mco-0-0-1885}

###### 

Histological assessment of preoperative therapeutic effects.

  A, Japanese classification of pancreatic cancer                                                    
  ------------------------------------------------- ------------------------------------------------ ---------------------------------------
  Grade 1                                           Poor or no response                              
                                                    Grade 1a                                         Estimated residual rate ≥90%
                                                    Grade 1b                                         
  Grade 2                                           Moderate response                                10%≤ estimated residual rate \<50%
  Grade 3                                           Marked response                                  
                                                    Estimated residual rate \<10%                    
  Grade 4                                           Complete response                                
                                                                                                     
  **B, Evans grading system**                                                                        
                                                                                                     
  Grade I                                           \<10% or no tumor cell destruction is evident    
  Grade II                                          IIa                                              Destruction of 10--50% of tumor cells
                                                    IIb                                              Destruction of 51--90% of tumor cells
  Grade III                                         \<10% viable-appearing tumor cells are present   
  Grade IV                                          No viable tumor cells are present                
                                                                                                     
  **C, CAP grading system**                                                                          
                                                                                                     
  Grade 0                                           Complete response                                
  Grade 1                                           Marked response                                  
  Grade 2                                           Moderate response                                
  Grade 3                                           Poor or no response                              

CAP, College of American Pathologists grading system.

###### 

Clinicopathological data of BR-PHC with NAC-RT and control groups.

  Characteristics                                           Categories   BR-PHC with NAC-RT   (%)      Control PHC   (%)      P-value
  --------------------------------------------------------- ------------ -------------------- -------- ------------- -------- ---------
  No. of patients                                                        29                            55                     
  Age, y median (min-max)                                                66 (50--78)                   68 (37--81)            0.281
  Sex                                                       Male         16                   (55.2)   36            (65.5)   0.356
                                                            Female       13                   (44.8)   19            (34.5)   
  Operation                                                 PD           19                   (65.5)   46            (83.6)   0.098
                                                            PD with PV   10                   (34.5)   9             (16.4)   
  Tumor size (mm) median (min-max)                                       20 (0--43)                    28 (0.8-85)            0.006
  Tumor stage (T)                                           T0/1/pT2     9                    (31.0)   8             (14.5)   0.074
                                                            T3           20                   (69.0)   47            (85.5)   
  Regional LN                                               N0           23                   (79.3)   20            (36.4)   \<0.001
                                                            N1           6                    (20.7)   35            (63.6)   
  Stage                                                     0/IA/IB      8                    (27.6)   5             (9.1)    \<0.001
                                                            IIA          15                   (51.7)   15            (27.3)   
                                                            IIB          6                    (20.7)   35            (63.6)   
  Histology^[a](#tfn3-mco-0-0-1885){ref-type="table-fn"}^   G1/2         27                   (93.1)   46            (83.6)   0.153
                                                            G3/4         1                    (3.4)    9             (16.4)   
  LVI                                                       Present      15                   (51.7)   46            (83.6)   0.002
                                                            Absent       14                   (48.3)   9             (16.4)   
  MVI                                                       Present      18                   (62.1)   47            (85.5)   0.015
                                                            Absent       11                   (37.9)   8             (14.5)   
  NI                                                        Present      22                   (75.9)   50            (90.9)   0.098
                                                            Absent       7                    (24.1)   5             (9.1)    
  Surgical margin (R)                                       Present      4                    (13.8)   6             (10.9)   0.731
                                                            Absent       25                   (86.2)   49            (89.1)   

Data are presented as n (%) unless otherwise indicated. BR-PHC, Borderline resectable pancreatic head cancer; NAC-RT, neoadjuvant chemoradiotherapy; PHC, pancreatic head cancer; PD, pancreaticoduodenectomy; LN, lymph nodes; LVI, lymphovascular invasion; MVI, microvascular invasion; NI, neural invasion.

pCR case was excluded.

###### 

Pathological evaluation of local invasion among BR-PHC with NAC-RT and control groups.

              BR-PHC with NAC-RT (n=29)   \%        Control PHC (n=55)   \%        P-value
  ----------- --------------------------- --------- -------------------- --------- ---------
  CH                                                                               
    Present   4                           (13.8)    32                   (58.2)    \<0.001
    Absent    25                          (86.2)    23                   (41.8)    
  DU                                                                               
    Present   13                          (44.8)    30                   (54.5)    0.397
    Absent    16                          (55.2)    25                   (45.5)    
  S                                                                                
    Present   5                           (17.2)    15                   (27.3)    0.305
    Absent    24                          (82.8)    40                   (72.7)    
  RP                                                                               
    Present   10                          (34.5)    31                   (56.4)    0.057
    Absent    19                          (65.5)    24                   (43.6)    
  PV                                                                               
    Present   5                           (17.2)    4                    (7.3)     0.264
    Absent    24                          (82.8)    51                   (92.7)    
  A                                                                                
    Present   0                           (0.0)     0                    (0.0)     --
    Absent    29                          (100.0)   55                   (100.0)   
  PL                                                                               
    Present   1                           (3.4)     5                    (9.1)     0.659
    Absent    28                          (96.6)    50                   (90.9)    
  OO                                                                               
    Present   0                           (0.0)     0                    (0.0)     --
    Absent    29                          (100.0)   55                   (100.0)   

BR-PHC, Borderline resectable pancreatic head cancer; NAC-RT, neoadjuvant chemoradiotherapy; CH, pathological bile duct invasion; DU, pathological Duodenal invasion; S, pathological serosal side of the anterior pancreatic tissue invasion; RP, pathological retropancreatic tissue invasion; PV, pathological portal venous system invasion; A, pathological arterial system invasion; PL, pathological extrapancreatic nerve plexus invasion; OO, pathological invasion of other organs.

###### 

Grading of histological response to neoadjuvant chemoradiotherapy in BR-PHC.

  CAP system   Evans classification   JPS classification   Patients (%)
  ------------ ---------------------- -------------------- --------------
  Grade 3      Grade I                Grade 1a               5 (17.0)
               Grade IIa              Grade 1b             16 (55.0)
  Grade 2      Grade IIb              Grade 2                7 (24.0)
  Grade 1      Grade III              Grade 3              0 (0.0)
  Grade 0      Grade IV               Grade 4                (4.0)

BR-PHC, Borderline resectable pancreatic head cancer; JPS, Japanese Pancreas Society; CAP, College of American Pathologists grading system.
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